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Gramicidin P (a gramicidin A in which the ethanolamine C-terminus is replaced by methylamine) was syn- 
thesized and shown to have the same single-channel conductance b havior as gramicidin A. The results are 
discussed in connection with the energy profile computed in the presence of water in comparison with the 
corresponding profile for gramicidin A. 
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1. INTRODUCTION 
Theoretical calculations of the energy profile felt 
by cations in the gramicidin A channel have been 
carried out extensively in one of our laboratories 
[l-5] with the view to individualize the respective 
roles of the structural components of the channel 
(polypeptide backbone, ethanolamine nds, amino 
acid side chains) on the ‘intrinsic’ profile. (We call 
‘intrinsic’ the profile created by the sole effect of 
the molecular framework of the channel.) 
These studies have suggested [2] a significant 
role for the ethanolamine at the C-terminal end in 
the shaping of the energy profile, more particularly 
in the location of the deepest energy minimum. 
The subsequent explicit introduction of water in 
the calculation of the profile for sodium [6-81 hav- 
ing indicated that the role of the ethanolamine nd 
might be more restricted, if any [8,9], it seemed 
useful to investigate, experimentally and 
theoretically, a gramicidin A analog in which the 
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ethanolamine end is suppressed. The molecule 
chosen for this sake (which we shall call gramicidin 
P, GP) is a pentadecapeptide exactly identical to 
gramicidin A, GA, but for the replacement of the 
ethanol moiety of the C-terminal by a methyl 
group. 
2. MATERIALS AND METHODS 
2.1. Experimental 
GP was synthesized using the solid-phase 
method: a Pam resin [IO] was employed and the 
first amino acid was attached by reacting the 
t-butyloxycarbonyl-(Nim-formyl)-L-tryptophyl-[4- 
(oxymethyl)phenyl]acetic acid [ill with 
aminomethyl polystyrene 1% DVB (0.34 mmol 
NHz/g) to give complete acylation of the amino 
group. Amino acids were then coupled as their t- 
butyloxycarbonyl (Boc-) derivatives using di- 
cyclohexylcarbodiimide / N- hydroxybenzotriazole. 
Coupling reactions were monitored at each step us- 
ing the ninhydrin Kaiser’s test. Tryptophan side 
chains were protected by the formyl group that is 
cleavable by various nucleophiles such as 
methylamine. 
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The Boc-(15)-peptide was cleaved from the resin 
by methylamine/methanol (5 : 2) [12] to obtain a 
methylamide C-terminus. Subsequent treatment 
was carried out according to the procedure 
reported in [ 131. Final purification was achieved by 
chromatography on a silica gel column using 
chloroform/methanol/acetic acid (85 : 10 : as the 
mobile phase. 
The purity of GP was assessed by HPLC on a 
C18, 5 pm, 250 x 4 mm column from Merck using 
a 30 min linear gradient from methanol/ 
water/trifluoroacetic acid 75:25:0.1 to 
methanol/water/trifluoroacetic acid 85 : 15 :0.1, 
Gramicidin A (Sigma) a mixture of gramicidin A, 
B and C (85 : 10: 5) was recrystallized from 
ethanol. 
For single-channel experiments, black lipid 
membranes were formed from a 2% solution of 
glyceryl monooleate (Sigma) in decane using 
Teflon cells filled with the aqueous electrolyte 
solutions. All measurements were made on sym- 
metrical systems using Ag/AgCl electrodes. The 
membrane areas were about 2-3 x low4 cm2 and a 
current-to-voltage convertor (Keithley model 427) 
was used as current amplifier. Gramicidins were 
added from solutions in ethanol to the aqueous 
phases. 
Infrared spectra were recorded on the 983 model 
from Perkin Elmer and circular dichroism 
measurements were performed on a Roussel-Jouan 
Mark V dichrograph. 
2.2. Theoretical 
As a working hypothesis for computing the 
energy profile, it was assumed that the channel 
structure adopted in lipids by GP is the same as 
that of GA, namely Urry’s proposed head-to-head 
left-handed p”*’ helical dimer structure [14], with 
the side chains in their most stable conformations 
computed in vacua [15]. 
The energy profile for sodium in the presence of 
water was calculated in the same fashion and with 
the same method as for GA: after determination of 
the hydration of GP in the absence of the ion, a 
hexahydrated sodium was approached to the 
hydrated channel and the energy profile was 
calculated as the variation of the total energy of 
the global system Na+/GP/water upon progres- 
sion of the ion, optimizing at each step the position 
12 
of the ion and that of all the water molecules 
simultaneously (see [6-81 for technical details). 
Table 1 
Single channel conductance of GP under various salt 
conditions 
Concentra- 
tion 
Ion 
Cs+ K+ Na+ Li+ 
I -. 
Fig.1. Single channel I-V relationship for GP in 1 M 
CsCI (o), 0.5 M CsCl (m) and 0.1 M CsCl (0);. The 
curves were drawn on the basis of the experimental data 
obtained on GA. The points given are for GP. Z in A, V 
in mV. 
Volume 216, number 1 FEBS LETTERS May 1987 
3. RESULTS AND DISCUSSION 
3.1. Experimental 
Table 1 gives the values of the single-channel 
conductance of GP for four alkali cations at 
various concentrations. Fig.1 reports the cor- 
responding I-V curves for Cs in GP and in GA 
and fig.2 shows the blocking effect of calcium on 
these results. 
A striking similarity is observed at all levels be- 
tween the conductance characteristics of GP and 
those of GA measured under the same conditions. 
This situation occurs in spite of the existence of 
some conformational differences in GP and GA 
indicated by the CD spectra (fig.3), both in the side 
chain region and in the amide region, and of a 
lowering in the stability of the dimer form (Amide 
I band at 1634-1635 cm-‘) to the benefit of the 
monomer form (Amide I band at 1647 cm-‘) in- 
dicated by the infrared spectrum (fig.4). It must be 
recalled, however, that the conformation of 
10 
5 
1x10’2 9x10-3 
Fig.2. Single channel I-V relationship for GP in 1 M 
CsCl (m), 1 M C&l+ 0.5 M CaC12 (A) and 1 M CsCl + 
1 M CaClz (II). The curves correspond to the data 
obtained on GA. Z in A, V in mV. 
Fig.3. CD spectra in GP and GA in ethanol. (a) Side 
chain region, c = 0.1 mg/ml; cell path 10 mm. (b) 
Peptide region, c = 0.1 mg/ml; cell path 1 mm. 
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Fig.4. Infrared,spectra in chloroform of (-) GP (c = 
0.6 mg/ml) and (---) GA (c = 0.5 mg/ml). 
gramicidins incorporated into lipid bilayers differs 
from that or those which exist in ethanol or 
chloroform [16,17]. Therefore, although it seems 
that it does not influence the conductance proper- 
ties of the channel, the ethanolamine group ap- 
pears to play a role in the relative stability of some 
conformations of the gramicidin molecules. 
3.2. Theoretical 
Fig.5 gives the distribution of the water 
molecules directly bound to GP in the absence of 
the ion: the replacement of the -CHZCHZOH moie- 
ty at the polypeptide C-terminal by the less 
cumbersome methyl group allows one more 
molecule of water to bind directly to the modified 
channel through a hydrogen bond between the 
water oxygen and the NH hydrogen of the Trp-11 
residue, the remaining optimized structuration of 
the other water molecules being very similar to that 
occurring in GA. 
The energy profile calculated for Na+ in water is 
given in fig.6 for the ion path comprised between 
Fig.5. Distribution of the water molecules in GP. The 
arrow points to the supplementary water of hydration 
(see text). 
the distances 15 and 9 A from the channel center 
(taken as the origin of distances). Previous studies 
[2,3] having shown that the tail and its flexibility 
do not affect appreciably the profile in the zone 
between 9 A and the center, the energy variations 
in this zone are considered to be the same as in GA 
(see [8]). Table 2 gives the individual interaction 
terms which govern the variation of the total 
energy in the region considered and table 3 reports 
the distance between the ion in its optimal position 
and the closest carbonyl oxygen at each step of the 
progression. 
This profile comprises two zones indicated in the 
figure: the first zone presents a wide and deep 
energy region followed by a very rapid rise until 
about 11.2 A from the center. The second zone 
comprises an inflexion plateau followed, after 
10.5 A, by another rapid rise to a maximum. 
As can be seen in table 2, the wide early 
minimum corresponds to a strong favorable in- 
teraction between the cation and water before the 
entrance of the ion into the channel; the barrier 
which follows corresponds to the progressive 
dehydration of the ion, as seen in the loss of the 
water-ion interaction which is only partly compen- 
sated by the concomitant gain in the water-water 
interaction. The same phenomenon was observed 
14 
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Fig.6. Computed energy profile for the system 
Na+/GP/water. 
in GA in the corresponding region (see [6-S] for 
detailed discussion). Along the plateau of the 
second zone the ion is still in close interaction with 
three water molecules, one of them being the sup- 
plementary molecule found in the hydration shell 
of GP. The second part of the barrier corresponds 
to the loss of this residual interaction. A similar 
break of the entrance barrier was observed in GA 
Table 2 
Evolution of the determining components of the total 
energy (water-ion, water-water and GP-ion interactions) 
from left to right 
Z W-Na+ w-w GP-Na+ 
14 - 144.4 -87.6 - 22.2 
13.2 - 142.6 - 89.5 -25.6 
12.0 - 127.8 - 104.9 -23.4 
11.1 - 116.5 - 105.9 - 20.4 
10.3 - 104.0 - 120.4 - 14.23 
9.1 - 80.6 - 125.0 - 19.9 
Energies in kcal/mol: distance to the central plane, Z in A 
Table 3 
Distances d between the cation and the nearest carbonyl 
oxygen of GP in planes perpendicular to the channel axis 
at Z of the center (distances in A) 
Z d Residue 
14.0 2.6 L-Trp-13 
13.5 2.3 L-Trp-13 
13.2 2.2 L-Trp-13 
12.7 2.3 L-Trp-13 
12.3 2.2 L-Trp-l l 
12.0 2.1 L-Trp-l l 
11.5 2.1 L-Trp-l l 
11.1 2.1 L-Trp-l l 
10.3 2.4 L-Trp-9 
9.9 2.3 L-Trp-9 
9.5 2.2 L-Trp-9 
9.1 2.3 L-Trp-9 
in the computation with the tail labile [B], where 
the place of the extra water was held by the ter- 
minal hydroxyl group of the ethanolamine chain. 
Clearly in GP as in GA, all the early part of the 
energy profile in water is determined essentially by 
the entrance barrier which is governed by the 
desolvation process. 
A complete analogy between GP and GA is also 
found in the results concerning the proximity of 
Na+ to the different carbonyl oxygens along its 
path (table 3) more particularly its proximity to 
Trp-11 all along the first part of the barrier (see 
WI). 
4. CONCLUDING REMARKS 
The very similar behaviour observed in the con- 
ductance properties of GA and GP may be con- 
sidered in parallel to the analogies in the 
theoretical results. Firstly, the non-voltage 
dependence of the conductance indicates that the 
entrance barrier dominates over the central barrier 
[18]. The total entrance energy barrier calculated 
(about 16 kcal/mol) is twice larger than the central 
barrier (about 7 kcal/mol) in the three cases 
studied [6-B]. 
The division of the energy barrier observed in 
GP and in GA when the tail is labilized, respective- 
ly due to the presence of the water molecule added 
and to the ethanolamine nd, indicates clearly that 
a water molecule can easily simulate the hydroxyl 
15 
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group for the interaction with the cation or vice- 
versa. Even if the mechanisms involved in the two 
cases are different, the very similar overall shape 
of the profile in this region indicates that it is dif- 
ficult to distinguish between the features due to the 
water molecules and those due to a real participa- 
tion of the ethanolamine end. Thus it may be 
possible to consider an extreme situation where the 
ethanolamine end of GA would be completely 
turned to the outside of the channel and made 
unable to follow the progression of the cation. In 
this case it is reasonable to envisage that a water 
molecule could enter and take the place of the 
hydroxyl group as in GP, providing the same divi- 
sion of the barrier and leading to the same 
qualitative energy profile. (This might also be the 
situation in GK [19], a gramicidin analog of only 
10% conductance smaller than that of GA, and 
considered to differ from it only by attachment of 
a long fatty acid chain to the ethanolamine.) 
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